Summary. In this study, the susceptibility of porcine peripheral blood monocytes (BMo), peritoneal macrophages (PMf) and alveolar macrophages (AMf) to PRRSV was examined. To test the effect of differentiation and activation on their susceptibility, AMf and BMo were aged, cultivated in either adhesion or suspension and treated with bacterial lipopolysaccharide (LPS) and phorbol myristate acetate (PMA). It was found that freshly isolated PMf and BMo were non-permissive to PRRSV. PMf remained refractory but a few BMo became susceptible after 1 day cultivation. AMf were permissive with a signi®cant increase of their susceptibility after one day cultivation. In a binding assay, it was demonstrated that the attachment of biotinylated PRRSV to AMf is much more ef®cient than to PMf and BMo. Two monoclonal antibodies (Mabs) 41D3 and 41D5 which block PRRSV infection of AMf and are directed against a candidate receptor for PRRSV only reacted with the cell membrane of AMf. PMA treatment of AMf blocked PRRSV replication in the cells in a dose-dependent manner. The blocking effect of PMA decreased after 9 h continuous pre-treatment and diminished after 24 h continuous pre-treatment. PMA treatment did not affect the binding of PRRSV and MAb 41D3 and 41D5 to AMf. Direct or indirect treatment of AMf and BMo with LPS or cultivation in suspension did not signi®cantly affect their susceptibility. These results provide clear evidence that PRRSV has a strongly restricted tropism for only some sub-populations of porcine monocytes/macrophages and that some speci®c states of differentiation and activation of monocytes/macrophages considerably affect their susceptibility.
Introduction
Porcine reproductive and respiratory syndrome virus (PRRSV) resembles lactate dehydrogenase-elevating virus (LDV), equine arteritis virus (EAV) and simian hemorrhagic fever virus (SHFV), three other members of the arterivirus group with regard to morphology, genetic organisation and structural proteins [9, 19] . One peculiar common characteristic of these viruses is that they have a strong tropism for monocytes/macrophages.
Of many procine cell systems tested, only porcine alveolar macrophages (AMf) support replication of PRRSV [2, 8, 31, 34] . Replication of PRRSV in some cultivated porcine peripheral blood monocytes (BMo) has also been reported [30] . Unexpectedly it was also found that PRRSV replicate in two non-porcine cell lines: an established cell line from monkey kidney, MARC-145 [15] , and a proprietary cell line, CL2621 [18] . Similarly, the replication of LDV and SHFV is also highly restricted to primary cultures of host macrophages in vitro. EAV forms an exception as it replicates in many different cell types [25] .
PRRSV also shows a strict cell speci®city``in vivo''. Cells of the macrophage lineage have previously been identi®ed as the predominately and consistently infected cell type in PRRSV infected pigs [11, 14, 26, 27] . Furthermore, several observations indicated that PRRSV only replicates in some sub-populations of monocytes/macrophages. It was found that AMf even during the period of the highest virus titres in the lungs after natural or experimental infection, only a low percentage of levaged AMf carries PRRSV antigens [11, 18] . Also, immature macrophages and macrophages progenitor stem cells are not or less susceptible to a PRRSV infection. This was particularly evident for bone marrow cells, where replication of PRRSV was not detected in experimentally PRRSV infected pigs [11] . Similar evidence comes from``in vitro'' experiments in which different sub-populations of alveolar macrophages fractionated by density gradient centrifugation were shown to have different susceptibilities to a PRRSV infection [6] . Such heterogeneity may be a re¯ection of the sate of differentiation and/or activation of the macrophages [28] . A number of factors such as ageing, some cytokines and a few chemical products have been found to be able to differentiate and activate mononuclear phagocytes [28] . Bacterial lipopolysaccharide (LPS) and phorbol myristate acetate (PMA) are two frequently used stimulants. Both LPS and PMA have a strong, rapid and easily reproducible activating capacity. Their structure and sites of activation in the cells have been extensively studied [7, 5] . LPS is a structural component of the outer membrane of Gram-negative bacteria. It activates monocytes and macrophages and stimulates them to produce certain factors, including TNF-a, IL-1, and prostaglandin E 2 [5, 29] . Studying the effect of LPS treatment on the susceptibility of AMf to PRRSV may give new insights in the pathogenesis of dual infection with PRRSV and bacteria. PMA has effects on monocyte/macrophages, including dramatic changes in cell shape, spreading, endocytosis, and release of lytic mediators and regulators [5, 7, 20] . PMA also stimulate premonocytic cells of some continuous cell lines to differentiate into a more mature monocyte/macrophage phenotype [20] . Because of those remarkable properties, PMA has been used to investigate the relationship between cell activation/differentiation and viral replication with some viruses [13, 33] .
In this study, it was examined if porcine monocyte/macrophage lineage cells isolated from peritoneal cavity, lungs and peripheral blood are susceptible to PRRSV and if their susceptibility was related to the degree of virus attachment. Furthermore, the effect of differentiation and activation of monocytes/macrophages by ageing, adhesion and treatment with LPS and PMA on their susceptibility to PRRSV was evaluated.
Materials and methods

PRRS virus
Two PRRSV isolates were used: the Lelystad strain of PRRSV (kindly provided by Dr. Wensvoort) and a Belgian isolate of PRRSV designated 94V360. A Lelystad virus stock of the thirteenth passage grown in porcine AMf with a titre of 10 5.3 TCID 50 /ml was used in this study. The 94V360 was adapted to MARC-145 cells, puri®ed and biotinylated as earlier described [12] . Brie¯y, a ®fth passage of 94V360 was ®rst clari®ed by centrifugation at 4000 Â g for 20 min, then precipitated at 75 000 Â g for 3 h in a Beckman T35 rotor at 4 C. The pellets were resuspended in 1/100 of original volume in TNE buffer (50 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl, pH 7.4) and centrifuged on a 0.5 to 1.5 M discontinuous sucrose gradient in a SW41 rotor at 110 000 Â g for 16 h. After centrifugation, the virus band was harvested and its purity was determined with a sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The titre of the resulting virus preparation was 2 to 4 Â 10 7 TCID 50 /mg as determined on MARC-145 cells. The number of virus particles, as determined by negative staining electron microscopy, was 1 to 2 Â 10 10 /mg virus protein. Puri®ed PRRSV was labelled with biotin by using a protein biotinylation kit (Amersham, Buckinghamshire, UK). The virus was pelleted and re-suspended in biotinylation buffer (40 mM Na 2 CO 3 , pH 8.6) at a protein concentration of 1 mg/ml. After a brief sonication 40 ml biotin reagent was added per mg of viral protein. The mixture was shaken for 1 h at 4 C and the reaction was terminated by addition of Tris-HCl (pH 8.5) to a ®nal concentration of 50 mM. Biotinylated virus was collected after purifying on a Sephadex G-25 column and diluted in PBS at a concentration of 0.2 mg/ml. After biotinylation, the titre of PRRSV was reduced by 50%. Biotinylated virions were stored at À70 C.
Antibodies
A swine myeloid cell speci®c monoclonal antibody (MAb), 74.22.15, was used to determine the percentage of porcine monocyte/macrophage cells [24] . MAbs against PRRSV nucleocapsid protein, WBE1 and WBE4±6 were used for immuno¯uorescenece [10] . Two monoclonal antibodies (MAb), 41D3 and 41D5, which have been raised against AMf and which are able to block PRRSV infection of AMf [12] , were used for membrane immuno¯uorescence staining to test their reactivity with various cells. Isotype matched irrelevant MAbs 18E8 and 41G3 directed against suid herpesvirus type 1 [23] , were used as negative controls.
Isolation of porcine monocyte/macrophage lineage cells
Porcine alveolar macrophages (AMf)
AMf were obtained from 4-to 6-weeks old conventional Belgian Landrace pigs from a PRRSV negative herd according to the method previously described by Wensvoort et al. [31] . Brie¯y, the lungs were lavaged with 200 ml cold phosphate buffered saline solution without calcium and magnesium (PBS). The lavaged cells were collected by centrifugation at 500 Â g for 15 min at 4 C. After two washings with cold PBS, a cell smear was made and stained with Hemacolar reagents (Diagnostica Merck, Darmstadt, Germany) and the percentage of neutrophils was determined. The cells were stained with 74.22.15 by membrane immuno¯uorescence. The percentage of cells from the monocytes/macrophages lineage was estimated by subtracting the percentage of neutrophils from the 74.22.15 positive cells. By doing so, more than 90% of lung lavage cells were found to be monocyte/ macrophage lineage cells.
Porcine peritoneal macrophages (PMf)
PMf were isolated by lavaging the peritoneal cavity of four 6-to 10-weeks old conventional Belgian Landrace pigs originating from a PRRSV negative herd with 100 ml cold PBS. After centrifugation at 500 Â g for 15 min at 4 C and two washings with PBS, the cells were collected and the percentage of monocyte/macrophage lineage cells was determined with the technique described above. More than 90% of lavaged peritoneal cells were characterised as monocytes/macrophages.
Porcine blood monocytes (BMo)
BMo were separated and cultivated as previously described [22] . Brie¯y, peripheral blood was obtained from four 10 to 20 weeks old conventional Belgian Landrace pigs originating from a PRRSV negative herd and peripheral blood mononuclear cells (PBMC) were isolated from blood by Ficoll-paque (Pharmacia, Uppsala, Sweden) density gradient centrifugation according to the method recommended by the manufacturer. 5 Â 10 7 PBMC were layered on a polystyrene cell culture dish (Corning glass works, Corning, NY, USA) which was coated with 1 ml autologous plasma. After 1 h incubation at 37 C, non-adherent cells were removed by three washings with PBS. Adherent cells representing enriched monocytes were harvested by gently¯ushing, the number of cells were counted and the percentage of monocytes was estimated with MAb 74.22.15. More than 95% of cells were found to be monocyte/macrophage lineage cells.
The viability of all cells used was b 957 as assessed by 2% nigrosin staining. AMf, PMf and BMo were brought in 24-well cell culture plates (Nalge Nunc international, Roskilde, Denmark) at a concentration of 10 6 cells per well. The medium used for cultivation was RPMI supplemented with 5% of foetal calf serum.
Inoculation of AMf, BMo and PMf with PRRSV
AMf, BMo and PMf were inoculated by replacing the medium with 1 ml stock solution containing 10 5.3 TCID 50 PRRSV. After incubation at 37 C for 1 h, three washings with PBS were performed. Then, the cells were refed with medium and further incubated at 37 C with 5% CO 2 .
Effect of ageing
To evaluate the effect of maturation of monocytes/macrophages on their susceptibility to PRRSV, freshly isolated AMf, PMf and BMo from ®ve donors were seeded in 24-well tissue culture plates at a concentration of 10 6 cells/ml/well and further incubated in RPMI medium plus 5% of foetal bovine serum at 37 C with 5% CO 2 . After 1 and 24 h incubation, the cells were inoculated with PRRSV. Extracellular virus titre and the percentage of viral antigen positive cells were determined at 0, 24 and 48 h after inoculation.
Effect of adhesion
To test if the adhesion of BMO and AMf affect their susceptibility to PRRSV, freshly isolated AMf and BMo from ®ve donors were cultivated either in suspension in Te¯on inserts (Poly Labo, Strasbourg, France) or attached to polystyrene in 24-well cell culture plates at a concentration of 10 6 cells/well in RPMI medium plus 5% of foetal bovine serum at 37 C with 5% CO 2 . After 24 h cultivation, the cells were inoculated with PRRSV. Extracellular virus titre and the percentage of viral antigen positive cells were determined at 0, 24 and 48 hours after inoculation.
Effect of PMA and LPS treatment
The effect of PMA treatment on PRRSV replication in BMo was examined by treating one day cultivated BMo with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich Vertriebs GmbH, Deisenbofen, Germany) for 1 h before PRRSV inoculation. After PMA treatment, the cells were washed three times, then inoculated with PRRSV. Extracellular virus titre and the percentage of viral antigen positive cells were determined at 0, 24 and 48 h after inoculation.
In order to examine the effect of duration of PMA pre-treatment of AMf on PRRSV replication, AMf were treated with 10 ng/ml PMA for different time periods prior to PRRSV inoculation. After PMA treatment, the cells were washed three times then inoculated with PRRSV. Intracellular virus titre was determined at 12 h after inoculation. To test the effect of PMA treatment during virus replication in AMf, the AMf were treated with 10 ng/ml PMA for 1 h at different times after PRRSV inoculation. Intracellular virus titre was determined at 12 h after inoculation. To estimate the dose dependent effect of PMA treatment of AMf on the PRRSV replication, one day cultivated AMf grown in 96-well-plates were treated with different concentrations of PMA for 1 h after 1 h PRRSV inoculation. The PRRSV positive wells were determined by ®xing and staining the plate using an immunoperoxidase monolayer assay (IMPA) as earlier described [31] after 48 h inoculation.
Direct and indirect LPS treatments were performed to evaluate the effect induced directly by LPS or indirectly by LPS-induced cytokines. For direct treatment, bacto lipopolysaccharide (LPS) of E. coli 0111:B4 (Difco Laboratories, Detroit, Michigen, USA) was used at a concentration of 10 mg/ml medium. For indirect treatment, 10% of the supernatant from 24 h LPS treated porcine AMf was used. After 1 and 24 h treatment, the cells were washed three times with PBS and inoculated with PRRSV. Extracellular virus titre and the percentage of viral antigen positive cells were determined at 0, 24 and 48 h after inoculation.
PMA and LPS had no negative effect on the viability of the treated cells as assessed by nigrosin staining after each treatment. A cytotoxicity bioassay with PK15 cells for detecting TNF [9] and a proliferation assay on D10(N4)M cells for determining IL-1 concentrations [15] were performed to asses the ef®cacy of the LPS treatment.
Virus titrations
For determining the titre of extracellular virus, medium from PRRSV infected cells was collected and centrifuged at 9000 Â g for 15 min. 100 ml of tenfold dilutions of the supernatants were inoculated in 96-well microtiter plates (Nalge Nunc, Roskilde, Denmark) previously seeded with AMf. For determining the titre of intracellular virus, AMf, PMf and BMo were harvested by¯ushing, washing, washed twice with PBS and lysed by freeze-thawing. 100 ml of tenfold dilutions were inoculated in 96-well microtiter plates previously seeded with cultivated AMf. Inoculated 96-well plates were ®xed 48 h after inoculation and stained using an immunoperoxidase monolayer assay (IPMA) as earlier described [31] .
Immunofluorescence
Macrophages and monocytes were detached by thorough¯ushing of the bottom of polystyrene dishes and washed once with PBS. Cell smears were made using a cytocentrifuge at 140 Â g for 5 min. The smears were ®xed in acetone for 20 min at À20 C. A streptavidin-biotin immuno¯uorescence technique was performed. Brie¯y, the smears were pre-incubated with 1:20 diluted sheep serum to block non-speci®c staining. The smears were ®rst incubated with a mixture of MAbs WBE1 and WBE4±6, then with biotinylated sheep-anti-mouse immunoglobulin and ®nally with streptavidin-¯uorescein isothiocyanate (FITC)-conjugate (Amersham, Buckinghamshire, UK). The smears were washed three times with PBS between each incubation. To con®rm the speci®city of the staining, two mouse ascites¯uids containing irrelevant MAbs against suid herpesvirus type 1 of the same isotype as WBE1 and WBE4±6 were used as negative controls [23] . Positive cells were counted using a Leica DM RBE¯uorescence microscope.
Flow cytometry analysis
The membrane reactivity of biotinylated PRRSV, MAbs 41D3 and 41D5 to PBMC, BMo, PMf and PMA-treated (10 ng/ml PMA for 1 h) and -untreated AMf were evaluated by ā ow cytometer FACSCalibur (Becton Dickinson)¯ow cytometer. 1 Â 10 6 cells were washed three times with cold PBS and incubated with 100 ml of 4% paraformaldehyde at room temperature for 10 min. After washing once with cold PBS, the ®xed cells were ®rst incubated with biotinylated PRRSV (5 mg) or MAbs (15 ng/ml of 41D3, 41D5 or 18E8), then 1:50 diluted streptavidin-¯uorescein isothiocyanate (FITC)-conjugate or goat antimouse IgG FITC (Amersham, Buckinghamshire, UK) for 1 h on ice. The cells were washed three times after each incubation. The mean¯uorescence intensity of each sample was measured on the¯ow cytometer. Relative mean¯uorescence measurements were corrected for auto¯uorescence of control cells.
Statistical analysis
All data were statistically analysed by the Student's t-test.
Results
PRRSV replication in AMf
PRRSV productively replicated in AMf. Table 1 shows the virus titres and percentage of PRRSV positive cells in freshly isolated and one day cultivated AMf at 1, 24 and 48 h after PRRSV inoculation. The virus titres and percentage of viral antigen positive cells in freshly isolated porcine AMf at 24 and 48 h after inoculation were respectively 1 to 2 log 10 TCID 50 and 5 to 10 times lower than those of one day cultivated ones, which is signi®cantly different (P`0.01).
PRRSV replication in BMo and PMf
A productive replication of PRRSV was not detected in freshly isolated BMo obtained from four pigs. However, when the BMo were inoculated after one day of cultivation, 10 1X0 to 10 2.3 TCID 50 per 10 6 cells virus and 0.1 to 0.5% viral antigen positive cells were detected at 24 hours and 48 hours post inoculation, respectively (Table 2) .
Productive replication of PRRSV was not found in freshly isolated PMf obtained from ®ve pigs. After one day cultivation, PMf remained refractory to PRRSV infection. 
Effect of adhesion
As shown in Table 2 , no statistically signi®cant differences in both viral antigen expression and virus titres were observed between AMf and BMo cultivated in suspension in Te¯on inserts and those attached to polystyrene dishes.
Effect of LPS treatment
The ef®cacy of activation after LPS treatment was shown by the presence of TNF-a (titre: 270 biological units per ml for the supernatant of AMf and 140 biological units per ml for that of BMo) and IL-1 (titre: 1700 biological units per ml for the supernatant of AMf and 1500 biological units per ml for that of BMo) in the supernatant of AMf and BMo after 24 h treatment with LPS. However, no signi®cant differences in both viral antigen expression and virus titres were found between untreated and the directly or indirectly LPS treated AMf (Table 3) .
No virus replication was detected in the BMo directly or indirectly treated with LPS (data not shown).
Effect of PMA treatment
No virus replication was detected in the BMo treated with PMA.
When AMf were pre-treated with PMA for a short time (1 to 6 h), they became resistant to PRRSV infection (Fig. 1) . After 9 h continuous exposure to PMA, AMf gradually regained their susceptibility to PRRSV and after 24 h continuous pre-treatment, virus production reached the level similar to that of untreated cultures. 
a Mean value of three experiments AE standard deviation b Hours PI The effect of a 1 h treatment of AMf with PMA at different time points after a PRRSV inoculation on the virus replication is shown in Fig. 2 . Simultaneous virus inoculation and PMA treatment for 1 h reduced the virus production to a level of 10 2.0 TCID 50 per 10 6 cells. Replication of PRRSV was completely blocked when AMf had been inoculated for 1 h before PMA treatment. The longer the interval between inoculation and treatment, the higher the virus titre.
The blocking effect was concentration dependent as shown in Fig. 3 . Concentrations as low as 1 Â 10 À8 mg/ml PMA completely inhibited PRRSV infection.
The membrane reactivity of BMo, AMf and PMf to biotinylated PRRSV and anti-AMf monoclonal antibodies 41D3 and 41D5
As shown in Fig. 4 , the binding of biotinylated PRRSV to BMo, AMf and PMf was demonstrated by¯ow cytometry with a signi®cantly higher uorescence intensity in AMf. The binding of biotinylated PRRSV to the AMf was not affected by PMA treatment.
After staining with anti-porcine AMf monoclonal antibodies 41D5 and 41D3, the membrane¯uorescence was detected only on AMf and not on PBMC, BMo, and PMf (Fig. 4) .
Discussion
The results of this study show that only some subsets of cells from the porcine monocyte/macrophage lineage are susceptible to PRRSV and that the speci®c differentiation and activation state may considerably affect their susceptibility to PRRSV infection in vitro.
Cells of the porcine monocyte/macrophage lineage from different anatomic locations are clearly heterogeneous in their permissiveness for PRRSV infection. PRRSV replication was detected in porcine AMf, while freshly isolated BMo and PMf were completely resistant. These results are in agreement with earlier``in vivo'' experiments, in which the replication of PRRSV was found in alveolar macrophages but not in peripheral blood mononuclear cells [11] .
In the present study, very low virus titres and few infected cells were detected in cultivated BMo. This is in contrast with the observations of Voicu et al. [30] , who found much higher virus titres in cultivated BMo. This variation may be due to differences in the genotype/phenotype of the donor animals, differences in PRRSV isolates and differences in techniques for the isolation of BMo. Genetic, antigenic and pathogenic variations among PRRSV isolates in the USA and Europe have been reported [17, 32] . Even with AMf and CL2621, two commonly used cell systems for PRRSV isolation, nearly one third of American PRRSV isolates grown in one cell type failed to grow in the other one [1] .
The experiments also revealed that AMf show some restriction to a PRRSV infection when they were freshly isolated, even though they are relatively the most sensitive cell type for PRRSV isolation [1, 31] . The susceptibility clearly increases after one day cultivation. A similar increase of permissiveness to PRRSV infection was observed in a very small number of cultivated BMo. These results suggest that the state of monocyte/macrophage differentiation plays an important role in determining their susceptibilty to PRRSV. Similar enhancing effects of differentiation on virus replication have been observed with other viruses such as the respiratory syncytial virus (RSV), parain¯uenza virus-3, African swine fever virus, cytomegalovirus or herpes simplex virus (HSV), human immunode®ciency virus type 1 (HIV-1), Visna-maedi virus and pseudorabies virus in monocytes/macrophages [13, 21] . Since BMo are precursors of tissue macrophages and readily mature into macrophages when cultivated in vitro [28] , it is logical to predict that some BMo may mature into susceptible macrophages similar to alveolar macrophages by cultivation in vitro. Resident PMf, which represent another population of well-differentiated tissue macrophages from a restricted lineage, were completely resistant to a PRRSV infection.
In this study, treatment of AMf with PMA was associated with a clear reduction of the replication of PRRSV and the blocking effect of PMA was transitory. When AMf were continuously pre-treated for 1 to 9 h, the virus replication was almost completely blocked. The cells regained full susceptibility after 24 h of continuous treatment. This rather peculiar ®nding can be explained by the fact that, while the activating capacity of monocytes and macrophages by PMA reaches a maximum after 1 h exposure, a prolonged exposure to PMA for more than 6 h causes macrophages and monocytes to become refractory to PMA stimulation [7] . When monocyte/macrophage lineage cells are treated with PMA, both enhanced or decreased viral replication has been observed with other viruses. For example, an increased virus replication with herpes simplex virus has been noticed upon cell differentiation [33] whereas a down-regulation of viral replication was observed with feline immunode®ciency virus [4] .
The mechanism through which PMA inhibits PRRSV infection of AMf is unclear. In contrast to the PMA treatment, LPS treatment of porcine AMf and BMo did not in¯uence the susceptibility to PRRSV infection. The biological properties of PMA are generally considered to be due to the activation of protein kinase C, an enzyme involved in many cellular responses. Although the activation of protein kinase C is also an essential process for LPS induced activation of the macrophage, the signal pathways used by PMA and LPS in macrophages are quite different [29] . Therefore, it seems that PMA modulated inhibition of PRRSV infection might be mediated by a speci®c PMA-signalling pathway in porcine AMf. Recent observations suggest that PRRSV enters AMf through a process of receptor-mediated endocytosis (unpubl. data). PMA treatment does not change the binding activity of PRRSV and monoclonal antibody against the putative PRRSV receptor(s) to AMf. Therefore, the blocking effect of PMA does not act through down-regulating the expression of the virus receptor(s) on the cells.
Mononuclear phagocyte differentiation is a process of normal cellular development and homeostasis and re¯ects a permanently altered expression of a cell's genetic potential, while macrophage activation is the process that causes reversible changes in macrophage phenotype and functions [28] . The differentiation may induce some factors that are essential for virus replication, such as receptors or transcription factors, while activation may up-or downregulate the expression of these factors in cells. Inef®cient binding of biotinylated PRRSV to PMf, BMo and PBMC suggests that these cells lack the more speci®c binding sites that are expressed on the membrane of AMf. Different binding activity of MAb 41D3 and 41D5, which block PRRSV infection of AMf and recognise a candidate receptor on the cell, to different monocytes/macrophages provide further evidence that the restriction of PRRSV replication in some subsets of monocytes/macrophages is due to a reduced expression of virus receptor(s).
